Hybrid perovskites are emerging as highly efficient materials for optoelectronic applications, however, the operational lifetime has remained a limiting factor for the continued progress of perovskite light emitting devices such as light emitting diodes (LEDs) and perovskite light emitting electrochemical cells (PeLECs). In this work, PeLECs utilizing an optimized fraction of LiPF6 salt additive exhibit enhanced stability. At 0.5 wt% LiPF6, devices exhibit 100 h operation at high brightness in excess of 800 cd m −2 under constant current driving, achieving a maximum luminance of 3260 cd m −2 and power efficiency of 9.1 Lm W −1 . This Recently, ion migration has been demonstrated to significantly influence the performance of metal halide perovskite devices. [8] High capacitance at low frequencies, electrode polarization, scan rate dependent hysteresis, and EL color changes during operation are all attributed to ion motion. [9] Rationale for ion motion includes phenomena such as a low activation energy of diffusion for halide ions and charged point defects, stochiometric error induced extrinsic defects, and polycrystalline soft lattices with high densities of grain boundaries. [9c, 10] These studies collectively establish metal halide perovskites as mixed conductors with both electronic and ionic conductivities. The interplay between electronic and ionic currents provides a new pathway to utilize metal halide perovskites as emissive materials in light emitting electrochemical cells (PeLEC). Recent efforts have aimed to realize high performance PeLEC devices utilizing the benefits of ionic redistribution. Aygüler et al. blended formamidium lead bromide nanoparticles with a trimethylolpropane ethoxylate polyelectrolyte and lithium triflate salt, achieving luminance on the order of 1 cd m −2 . [11] Li et al. characterized CH3NH3PbBr3:PEO single layer devices and achieved up to 4000 cd m −2 max luminance, with device performance indicative of both PeLEDs and polymer LECs. [6f] Mixed conductivity was further explored by Zhang et al., who suggested that perovskite functioned as a solid electrolyte and demonstrated light emission in
performance extrapolates to a 6700 h luminance half-life from 100 cd m −2 , a 5.6-fold improvement over devices with no lithium salt additive. Analysis under constant voltage driving reveals three current regimes, with lithium addition strongly enhancing current in the second and third regimes. The third regime correlates degradation of luminance with decreased current. These losses are mitigated by LiPF6 addition, an effect postulated to arise from preservation of perovskite structure. To further understand lithium salt addition, electrochemical impedance spectroscopy with equivalent circuit modeling is performed.
Electrical double layer widths from ionic redistribution are minimized at 0.5 wt% LiPF6 and inversely correlate with efficient performance.
Introduction
Solution processed organic-inorganic metal halide perovskites with the chemical form of ABX3 have emerged as next generation light emitting materials. [1] Metal halide perovskites exhibit unique optoelectronic characteristics such as high photoluminescence quantum efficiency (PLQE), efficient electroluminescence (EL) with narrow full width half-maximum (FWHM), ease of band-gap tunability, photon recycling and low temperature processability. [2] In recent years, perovskite light emitting diodes (PeLEDs) have improved in luminance from 10 cd/m 2 to ≈ 10 4 cd/m 2 with various external quantum efficiencies (EQE) from 0.1 to ≈ 10%. [3] Despite these promising results and considerable research on PeLEDs, operational stability is still a roadblock for their insertion into most practical applications. [1] [2] 4] The majority of these PeLEDs utilize a complex multilayer device architecture prepared with various passivation and crystallization techniques to minimize non-radiative pathways in the emissive layer. [2, 5] The lifetime of multilayer PeLEDs has been reported in the range of 0.1 to 100 h (See Table S1 ). [3d, 4a, 6] This limited lifetime of PeLEDs has been explained in the context of non-uniform morphology of the emissive layer, electrode delamination, and high densities of interfacial defect traps. [4a, 4b, 7] emission with a maximum luminance of 1800 cd m −2 . [14] Low temperature operation revealed voltage-dependent EL spectral shifts consistent with effects of ionic redistribution.
Recently, our group demonstrated bright and effectual PeLECs with a simple single layer architecture, leveraging a lithium ionic additive (LiPF6) to achieve high luminance of ⁓15000 cd m −2 . [15] The device has a simple device architecture consisting of ITO/CsPbBr3:PEO:LiPF6/InGa eutectic. Advantages of LiPF6 salt in the CsPbBr3:PEO active layer include uniform and pinhole free morphology, high PLQE, stable PL dynamics, EL stability, low hysteresis and high efficiency. In pristine metal halide perovskites (i.e. without any additives), the disparity between the diffusion activation energies of halide ions and A + cations causes an imbalance in space charge density near the electrodes [13, 15] and consequently results in unequal charge carrier (e − and h + ) concentrations in the active layer (See Table S2 ). [16] To resolve this imbalance, external lithium ions were added as mobile cations capable of enhancing cation redistribution, facilitating better n-type doping and EDL formation at the cathode. [17] Further study is needed to clarify the details of EDL formation in response to lithium addition in efficient PeLECs.
In the present study, we utilize Li additives and constant current driving to achieve PeLECs with the highest operational stability reported to date. Devices are also driven with constant voltage to understand the relationships between current, light emission, and degradation. Electrical double layer formation and other key parameters critical for PeLEC device operation were characterized by electrochemical impedance spectroscopy. In addition, equivalent circuit modelling of PeLEC provided a new outlook of ionic migration in perovskite light emitting devices. We fabricated PeLECs as shown in Figure 1a . We prepared CsPbBr3:PEO:LiPF6 (1:0.8:x% w/w) active layer LECs with an indium tin oxide (ITO) anode and an aluminum (Al) cathode along with poly(ethylenedioxythiophene) poly(styrene sulfonate) PEDOT:PSS, which serves to smooth the ITO surface for higher device reliability. Figure 1b illustrates the PeLEC operational mechanism under an applied bias. LEC device operation has been explained in the following distinct stages: 1) Under an external electric field, anions (Br − and PF6 − ) and cations (Li + and Cs + ) drift towards anode and cathode respectively and accumulate near each electrode.
Results and Discussion

Mechanism of PeLEC
2) The accumulation of these ions at the electrodes leads to the formation of EDLs and subsequent p and n-type doping. 3) The potential barrier width at each electrode-active layer interface is reduced due to EDL formation, facilitating charge injection and improved transport through p and n-doped regions of an in-situ formed p-i-n junction. 4) Injected charges are transported through the bulk of the perovskite film, followed by radiative recombination in the intrinsic region of the p-i-n structure. .
PL and EL from Perovskite Thin Films and LECs
6
To characterize the optical bandgap of pristine CsPbBr3:PEO spin coated thin films, we performed PL and absorption spectroscopy as shown in Figure 2a . We observed a PL peak and an absorption edge located at 520 nm, corresponding to a bandgap of ~2.3 eV. This demonstrates that the film does not undergo a band gap shift from spin coating. In order to understand the influence of the Li salt on device emission color, we measured the EL spectra of fabricated devices (ITO/PEDOT:PSS/CsPbBr3:PEO:x% LiPF6/LiF/Al) with various LiPF6 concentrations at 3.5 V, as shown in Figure 2b . All devices exhibited EL peaks at 520 nm, identical to the PL peak wavelength in Figure 2a . Furthermore, the EL intensity was found to be highest for films with 0.5 wt% LiPF6. This enhancement in EL agrees with our pervious observation of enhanced EL with an optimized LiPF6 concentration under constant voltage operation. [15] To characterize the device lifetime, we performed contstant current study of PeLECs with different LiPF6 concentrations. Constant current operation leads to favorably lower operational voltages as ionic redistribution and EDL formation facilitates facile charge injection (See Figure   S1 ). In LECs under operation, ions redistribute, and charge injection is improved exponentially by this effect. These actions decrease the resistance of the device due to the increased density of charge carriers. For constant voltage driving, the applied bias remains the same in spite of the decreased resistance, which can lead to electrochemical breakdown. For constant current driving, the voltage lowers as the effective device resistance is lowered for greater electrochemical stability. Figure   3a also reveals that the greatest operational stabilty is achieved with the 0.5 wt% LiPF6 device.
PeLEC Device Performance with LiPF6 Additives Under Constant Current
The decay portion can be fit with two exponential factors of the form Ae (−t/τ) , with the initial decay region (10-40 h) following τ1 = 54 h and the latter region (40-100 h) fit by τ2 = 190 h (See supporting information Figure S2 ). By comparison, exponential fits of the 0 wt% LiPF6 device showed τ1 = 8 h and τ2 = 23 h, both considerably lower. Overall, this contributes to 100 h of continuous operation in excess of 800 cd m −2 for the 0.5 wt% LiPF6 device.
It is challenging to directly compare the device lifetime at various LiPF6 concentrations, given that they operate at different luminance levels. Alternatively, we present the extrapolated half-lives (time to decay to half of the maximum luminance) at a common 100 cd m −2 initial luminance using the equation:
where T2 is the extrapolated half-life from an initial luminance of L2 = 100 cd m −2 , T1 is the experimentally measured half-life at the experimentally measured maximum luminance of L1,
and AF is a dimensionless exponential acceleration factor taken to be 1.5-1.7 from prior experimental observations. [3d, 18] To compare all devices, we extracted the extrapolated luminance half-life using a modest AF of 1.5, with results normalized to the pristine device in Figure 3b . The PeLEC device with 0.5% LiPF6 showed the longest extrapolated lifetime at 100 cd m −2 of 6700 h, 5.8 times longer than the pristine device and a highly competitive factor among published PeLED and PeLEC works (See Table S1 ).
In Figure 3c the power efficiency as a function of time also showed similarly improved values, peaking at 9.1 Lm W −1 for 0.5% LiPF6, a twofold improvement over the pristine device.
Improved stabilty is also evident for the 0.5% LiPF6 power efficiency curve, facilitated by constant current operation. Improvement in current efficiency (CE) and EQE followed the same trend as luminance and lifetime as shown in Figure 3d . A maximum CE of 6.6 cd A −1 and EQE of 1.2% were achieved at 0.5% LiPF6 concentration, each 60-70% higher than the device without LiPF6 (CE = 3.9 cd A −1 , and EQE = 0.74%).
PeLEC Device Performance with LiPF6 Additives Under Constant Voltage
Additionally, we studied luminance vs time at a constant voltage (3.5V) as shown in We also analyzed the dynamics of EDL formation near the electrode through current vs time analysis at constant voltage driving as shown in Figures 4a and 4b . To further understand the nature of the processes, we also recorded and plotted the radiant flux vs time for these measurements. We applied a constant 3.5 V to PeLEC devices with 0 wt% and 0.5 wt% of LiPF6 and observed a LEC feature where three regimes in the slope of current as a function of time are evident. [13, 15] In particular, these three regimes can be fit by linear equations of the form:
where m and b are fitting constants associated with the slope and y axis intercept of each line, respectively. To understand the role of the ionic additive in the dynamics of EDL formation, we considered the fundamental processes occurring at these three characteristic timescales for pristine and salt-enhanced devices. For pristine devices (Figure 5a ), the earliest time region (t < 0.2 h) can be attributed to the accumulation of Br − anions at anode (ITO) and anodic EDL formation, as halide ionic defects exhibit the lowest activation energy for ion migration (See Table S2 ). [10b, 13] A shallow current increase (slope mI = 0.16) is observed in this range, and little change is seen in the light emission, confirming that one carrier type is dominating in this region. The second time regime (0.7 h < t < 1.2 h) corresponds to EDL formation at the cathode by cations, facilitated by overcoming the activation energy of cesium cationic defects. [10b, 13] Indeed, the bipolar charge injection in this regime is confirmed by the large increase in radiant flux and a sharp current increase (mII = 2.55). This also indicates that significant p-i-n junction/recombination zone formation is occurring in the second regime. In the third regime, (2h < t < 3.2h) the current slope (mIII = 2.35) is smaller than the second regime. Previously, this regime has been primarily attributed to p-i-n junction formation, [13, 15] but in considering the radiant flux curve, it is clear that this range correlates with a decreasing rate of radiant flux.
Instead, formation of the p-i-n junction or recombination zone must largely occur in the second regime, when radiant flux dramatically increases, and is completed at the onset of the third region. Alternatively, a degrading process that decreases both the rate of current flow and the rate of radiant flux emission distinguishes the third regime.
In considering the PeLEC with 0.5 wt% LiPF6 (Figure 4b ), all three regimes identified in the pristine device are also observed. The current increase in the initial region corresponding to anodic EDL formation is comparable (mI ≈ 0.13) to the pristine device. However, there is a significant increase in the slope in the second regime (mII ≈ 4.97) and a higher radiant flux. This is the regime corresponding to cathodic EDL formation, precisely the electrode benefitted by The situation is different with added salts such as LiPF6. In this case, the added mobile Li + and PF6 − ions redistribute more favorably than the intrinsic ionic species and largely preserve the inherent structure of the perovskite film. The redistribution of these small, mobile ions builds up high EDLs and electric fields at the electrodes, leading to a balanced charge injection. High conductivity and efficient emission are retained due to the preservation of the underlying perovskite structure. This also leads to devices of higher stability as shown in Figure   3 , as well as greater reversibility as shown in Figure S4 . In this manner, the added ions in the PeLEC structure balance the necessary charge redistribution in response to the applied field and limit the impact of the applied field on the perovskite structure.
Our previous work provides support of this view that lithium preserves inherent perovskite structure. [15] X ray photoelectron spectroscopy (XPS) study showed that Li salt addition increases the bonding energies of the inherent perovskite ions. X ray diffraction (XRD) demonstrated that the Li salt reduces the orthorhombic Pnma crystallite size by 20-25%, consistent with stronger bonding. Scanning electron microscopy (SEM) showed that the optimal 0.5 wt% LiPF6 perovskite film produced a maximal grain size. Furthermore, prior electric force microscopy demonstrated that LiPF6 addition reduced the electric field in the bulk of the LEC relative to a pristine device, [17c] an action that would suppress further bulk ion motion. All of these effects are consistent with a model of Li + and PF6 − ion motion that serves to preserve the inherent crystal structure of the perovskite.
Electrochemical Impedance Spectroscopy (EIS)
To extend our understanding of the ionic migration and EDL formation in PeLECs, we performed EIS at 0 V DC bias (shorted electrodes). The difference in cathode and anode workfunctions causes a built-in electric field within the device. At 0V, the ions redistribute to cancel out the built-in electric field, facilitating the EDL formation at the interfaces. By applying a small AC voltage perturbation, we can probe this ionic distribution effectively without operating the device. By minimizing the electronic carrier injection, we distinguish the ionic transport from the electronic carrier transport. respectively from EIS analysis from 10 −2 to 10 5 Hz. Additionally, the Nyquist plot is shown in Figure S5 , and the real and imaginary components of impedance are plotted vs frequency in Figure S6 . From the Bode plot in Figure 6a , compared to the pristine device without LiPF6 addition, we observed that the impedance in the low frequency region is lower for 0.5% and 1% LiPF6 and higher for 2% and 5%. The optimized LiPF6 concentration (0.5%) produces the most conductive film at low frequencies. The corner frequencies reveal the changing timescales of ion redistribution in these devices. The pristine device corner frequency of 45 Hz is increased to 800 Hz with 0.5% LiPF6, and decreased for higher concentrations. This implies that the 0.5%
LiPF6 concentration optimizes ionic conductivity in addition to overall conductivity. We calculated the capacitance and conductance of each PeLEC as a function of frequency using following formula:
Where Z, ω, G, and C correspond to impedance, angular frequency, conductance and capacitance, respectively. Intuitively, due to the range of ionic conductivity effects imparted by LiPF6, ionic transport strongly depends on the frequency of the applied AC electric field. To characterize this, capacitance vs frequency and conductance vs frequency of PeLEC devices with various LiPF6 concentration are plotted in Figure 7a and 7b, respectively. From Figure 7a , at higher frequencies, the devices exhibited similar capacitances due to the lack of ionic motion in this region. However, at lower frequencies, we observed a significant rise in capacitance for all devices, indicating ionic migration and EDL formation. Accordingly, PeLEC devices with 0.5% LiPF6 showed the highest increase in capacitance at low frequency. At lower frequencies, the conductance is enhanced in 0.5% and 1.0% LiPF6 blends relative to the pristine device but is reduced at higher concentrations. Similar trends are also seen in impedance and capacitance vs voltage, as shown in Figure S7 . These observations provided further evidence that an optimal LiPF6 concentration maximizes ionic conductivity and ionic transport.
To further understand the impedance data, we used an equivalent circuit model ( Figure   6c ) previously used by Bastatas et al. [20] In The parameters from fitting with the aforementioned equivalent circuit model and calculated physical quantities are shown in Table 1 . The values of dielectric constants were calculated by approximating geometrical capacitance as a parallel plate capacitor. We observed an increase in dielectric constant with LiPF6 concentration from 0 to 1 wt%, followed by a subsequent decrease with further increase of LiPF6 concentration from 2 to 5 wt%. The variation in dielectric constant provides a quantitative description of the degree of ionic polarizability, in effect, ionic mobility. Table 1 . Parameters derived from equivalent circuit modeling with the model shown in Figure  6c .
In order to understand the influence of ionic additive on ionic conductivity, we used the extracted RION values to obtain the ionic conductance GION, by fitting the aforementioned equivalent circuit. The ionic conductivity can be determined using the following equation:
where σ is film conductivity, d is the thickness of the active layer and A is the device area. We observed a significant increase in film conductivity with increasing LiPF6 concentration from 0 to 0.5 wt%, followed by a modest increase from 1 to 2 wt%, and finally a decrease at 5 wt% ( To explore the influence of the externally added mobile Li + and PF6 − ions on EDL formation, we calculated the EDL width (dEDL) near each electrode by the following formula while assuming a uniform dielectric constant of the active layer:
where CEDL is the capacitance of the EDL, d is thickness of the active layer and CGEO is the extracted geometric capacitance of the active layer from the equivalent circuit model. We observed a decrease in the width of the EDLs with increasing LiPF6 concentration from 0 to 0.5 wt% followed by an increase with further increase of LiPF6 concentration. Since PeLEC performance is strongly correlated with EDL formation, we show the EDL width of all fabricated PeLECs with various LiPF6 concentrations in Figure 8a . Asymmetric and higher EDL widths are seen for the pristine device (0 wt% of LiPF6) but symmetric and smaller EDL widths were observed in the device with 0.5 wt% LiPF6. A smaller EDL width indicates higher charge accumulation for higher electric fields and lower injection barrier widths at the electrodes, and symmetry of the EDL widths promotes balanced electron and hole injection for efficient light emission. For higher LiPF6 concentrations, the EDL widths become imbalanced and increased with increasing LiPF6 concentration from 1-5 wt% -a range that is consistent with that determined experimentally as less optimal for device performance.
To emphasize the role of the EDL width and charge injection, we plotted maximum EQE obtained at a constant current driving current vs the inverse of cathodic EDL width ( Figure   8b ). A linear relationship is revealed, showing that a thinner EDL results in more efficient PeLEC operation. This correlation strongly substantiates our assertion of the key role of optimal concentration LiPF6 addition in EDL formation for improved PeLEC device performance.
Conclusion
In alternating voltage (100 mV amplitude). Impedance spectra were then fitted using the Gamry Echem Analyst software provided by Gamry instruments. The fitting was accomplished with the equivalent circuit shown in Figure 5A , which is similar to Bastatas et al. [20] All parameters were allowed to vary but bound to overall device resistance, device thickness, the ranges of values typically reported in the literature. Normalized fitting errors were found to be vary from 0.0025 to 0.003. Critical parameter errors were generally between 0.1 and 30%.
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Perovskite light emitting electrochemical cells show 100 h operation in excess of 800 cd m −2 and extrapolated lifetimes of 6700 h at 100 cd m −2 with an optimal concentration of a lithium salt additive. Electrochemical impedance spectroscopy reveals lithium additives enhance efficiency through improved electrical double layer formation.
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